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We have performed high-resolution angle-resolved photoemission spectroscopy on YBa2Cu307-5 
(Y123; 5 = 0.06; Tc = 92 K). By accurately determining the Fermi surface and energy band dis- 
persion, we solve long-standing controversial issues as to the anomalous electronic states of Y-based 
high-Tc cuprates. We unambiguously identified surface-bilayer-derived bonding and antibonding 
bands, together with their bulk counterparts. The surface bands are highly overdoped (hole con- 
centration X — 0.29), showing no evidence for the gap opening or the dispersion anomaly in the 
antinodal region, while the bulk bands show a clear d,^2_y2-wa.ve superconducting gap and the Bo- 
goliubov quasiparticle-like behavior with a characteristic energy scale of 50-60 meV indicative of 
a strong electron-boson coupling in the superconducting state. All these results suggest that the 
metallic and superconducting states coexist at the adjacent bilayer of Y123 surface. 

PACS numbers: 74.72.Hs, 74.25. Jb, 71.18.-|-y, 79.60.Bm 



I. INTRODUCTION 

Low-energy excitations play a key role in character- 
izing various physical properties such as superconduc- 
tivity and metal-insulator transition. In cuprate higli- 
Tc superconductors (HTSCs), low-energy one-particle 
excitations are intensively studied with high-resolution 
angle-resolved photoemission spectroscopy (ARPES), 
which has a unique capability to directly observe the 
momentum-resolved electronic states. Previous ARPES 
studies on Bi2Sr2CaCu208 (Bi2212) clarified several 
characteristic features essential to the anomalous super- 
conductivity, such as a large Fermi surface (FS) cen- 
tered at (tt, it) point in the Brillouin zone (BZ)fii^ the 
dj.2_y2-wave superconducting (SC) gap,'^'^^ the emergence 
of well-defined Bogoliubov quasiparticles below Tc in the 
antinodal region;^ and the pseudogap above Tc in the 
underdoped regimejii^ii^ Recent remarkable progress in 
energy and momentum resolutions of ARPES further en- 
ables us to directly observe the bilayer splitting due to 
interaction of two Cu02 planeai^iii and the strong mass 
renormalization of band (kink in the energy dispersion) 
in the vicinity of the Fermi level (E-p) indicative of an 
electron-boson coupling fi^^i^ However, it is still unclear 
whether or not these characteristic low-energy excitations 
are generic feature for all HTSCs. Hence the universal- 
ity of essential character of Cu02 plane should be care- 
fully checked by performing ARPES with other families 
of HTSCs. In this regard, YBaaCugOr-s (Y123) is the 
most suitable candidate since it is also a bilayered system 
with a similar maximum Tc, and the bosonic (phononic 
and magnetic) excitations, which are related to the low- 
energy dispersion {E-k relation), are intensively studied 
by inelastic neutron scattering experiments. ^4 

It is known from previous ARPES on Y-based 



HTSCsi^ii^iilii^iia that (i) the SC gap is not as robust as 
that of Bi2212 and is hardly observed even below Tcr^ 
and (ii) strong surface states in the antinodal region dom- 
inate the low-energy excitations,^*'^^ causing a difficulty 
in distinguishing genuine feature of the bulk Cu02 plane. 
These problems have hindered for a long time further de- 
tailed investigations of the electronic states of Y-based 
HTSCs. A recent ARPES study of Y123 by Lu et al^ 
distinguished the bulk and surface peaks and provided an 
evidence for the bulk SC-gap opening at X and Y points 
in BZ, as well as a characteristic "peak-dip-hump" spec- 
tral line shape below Tc. Very recently, Borisenko et al^ 
reported the first evidence for the existence of kink in the 
dispersion along the nodal direction. Although the exper- 
imental results from these two groups certainly provided 
a way to better understanding the anomalous electronic 
states of Y123, they also gave rise to serious contradic- 
tions/uncertainties in the assignment of band characters. 
If both interpretations are correct, it follows that (i) the 
bilayer splitting observed along the nodal direction3i is 
absent in the antinodal region, and (ii) the surface state 
observed around X/Y points has nothing to do with the 
nodal dispersioni^i Furthermore, there still remain sev- 
eral unresolved issues as to (i) the microscopic origin of 
the surface band, (ii) the /c-dependence of the SC gap, 
and (iii) the origin of the electron-boson interaction re- 
sponsible for the superconductivity. 

In this article, we report high-resolution ARPES study 
on Y123 in order to address the above-mentioned issues. 
By carefully tuning photon energy to separate contri- 
bution from the different bands, we have successfully 
mapped out the two-dimensional band dispersion and FS. 
The results reveal existence of five different bands in the 
vicinity of Ep, which were not well identified in previ- 
ous studies. They are the CuO-chain band, the bonding 
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and antibonding bands of heavily-overdoped crystal sur- 
face, and their bulk counterparts. We also found that 
the bulk electronic states of Cu02 plane certainly show a 
signature of strong electron-boson coupling, the (ij,2_j,2- 
wave SC gap, and relatively broad SC peak indicative of 
the existence of electronic inhomogeneity, showing a re- 
markable similarity with those of Bi2212. Present result 
suggests the universality of bulk electronic states in bilay- 
ered HTSCs, and opens a way to the systematic ARPES 
investigations of Y-based HTSCs. 



II. EXPERIMENTS 

High-quality single crystals of untwinned and twinned 
nearly optimally-doped YBa2Cu307_5 (Y123, S = 0.06, 
Tc — 92 K) were grown by the self-flux method using yt- 
tria crucibles. The oxygen concentration was controlled 
by annealing the samples under oxygen atmosphere at 
high temperature. Details of sample preparation have 
been described elsewhere.^^ The of samples was deter- 
mined by the magnetic susceptibility measurement. The 
hole concentration x has been estimated to be 0.175i^ 

ARPES measurements have been done using a VG- 
SCIENTA SES2002 spectrometer with a 5-axis manip- 
ulator (R-Dec, i GONIO)24 at a newly-developed BL28 
beamline in Photon Factory (PF), KEK, Tsukuba. Part 
of data has been obtained by SES2002 spectrometer at 
the undulator-4mNIM beamline in Synchrotron Radia- 
tion Center (SRC), Wisconsin. We used circularly polar- 
ized lights at PF and linearly ones at SRC. The energy 
and angular resolutions were set at 12-25 meV and 0.2°, 
respectively. The sample orientation was determined by 
the Laue x-ray diffraction pattern prior to ARPES mea- 
surements. Clean surfaces for ARPES measurements 
were obtained by in situ cleaving of crystals in an ul- 
trahigh vacuum of 1x10^^° Torr. In order to avoid pos- 
sible oxygen loss from the surfac©ii2^, we cleaved sam- 
ple at 10 K. Temperature of the sample has been kept 
at 10 K during the ARPES measurement, except for 
the temperature-dependent experiment. The Fermi level 
(Ep) of the sample was referenced to that of a gold film 
evaporated onto the sample substrate. 



III. RESULTS AND DISCUSSION 

Figure 1 shows ARPES spectral intensity plots around 
Y(X) point in BZ measured at 10 K with 46-eV pho- 
tons for twinned and untwinned Y123. In both samples, 
we find two distinct intensity distributions arising from 
the Cu02 plane. The inner and outer FSs are nearly 
parallel around Y point, and do not merge even with ap- 
proaching the nodal direction. We also find additional 
straight FS segments coming from the CuO chain, while 
no signature of the chain FS is found around Y point in 
untwinned Y123 (Fig. 1(b)), in good agreement with pre- 
vious reportS] ^^i^^'^^i^° We do not find any evidence for 
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FIG. 1: ARPES spectral intensity plots at Ef of ¥123 (Tc = 
92 K) as a function of two-dimensional wave vector measured 
at 10 K with 46-eV photons for (a) twinned and (b) untwinned 
samples. ARPES intensity is integrated over the energy 
range of 30 meV centered at Ep. (c) Plot of experimentally- 
determined kp points (solid circles). Solid lines are the guide 
lines of FSs obtained by smoothly connecting determined fcp 
points. 

the existence of a c(2x2) shadow band as seen in Bi- and 
La-based WISCs^-^^ This is consistent with the previ- 
ous ARPES report on Y123fi^ supporting the structural 
origin of the shadow band. By plotting the momentum 
location of local intensity maxima at Ep and tracing the 
crossing point of the energy band dispersion, we deter- 
mined Fermi vectors (fcp's) for each band, and show the 
results in Fig. 1(c). It is obvious that the observed large 
FS sheets of Cu02 planes are holelike centered at S point 
with a marked difference in the volumes. 

Figure 2 shows ARPES spectral intensity plots of un- 
twinned Y123 as a function of the binding energy and 
wave vector measured at four representative cuts shown 
in Fig. 1(c). Along cut a which corresponds to nearly 
YS direction, we observe highly-dispersive and weakly- 
dispersive bands having the bottom at 130 meV and 10 
meV, respectively. These bands show asymmetric inten- 
sity variation with respect to the FY high symmetry line 
(white solid line), indicating presence of a strong matrix- 
element effect due to the circular polarization of incident 
light. These bands disperse very weakly along FY line 
around Y point (cut b). In addition to these two bands, 
we unambiguously identify another feature near Ep in the 
momentum location where the spectral intensity of the 
outer and inner bands is significantly suppressed (area 
enclosed by circles). As clearly visible in cut c, this fea- 
ture consists of two independent bands, having smaller 
velocity as compared to the outer band, and showing a 
finite leading-edge shift at 10 K. Similar feature is also ob- 
served in cut d although the spectral intensity is broadly 
distributed as compared to that in cut c. 

In order to elucidate the character of inner and outer 
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FIG. 2: (a)-(d) ARPES spectral intensity plots of untwinned 
Y123 as a function of binding energy and wave vector mea- 
sured along several cuts shown by dashed blue lines in Fig. 
1(c). Peak position of EDC for inner and outer bands after 
eliminating the effect from the Fermi-Dirac (FD) distribution 
function are shown by open red circles. Area enclosed by 
white circles is the momentum region where the spectral in- 
tensity of the bulk bands is dominant. White arrows represent 
the position of ftp points for bulk bands. 



bands, we have performed photon-energy-dependent 
ARPES measurements at Y point. The result is shown 
in Fig. 3(a). The energy position of two bands does 
not show a discernible change as a function of hi', while 
the change in hv value causes substantial difference in 
the intensity ratio of two bands. Furthermore, the in- 
tensity weight of two bands, determined by the fitting 
of obtained energy distribution curves (EDC), shows an 
oscillating behavior as a function of hi^, as illustrated 
in Fig. 3(b). The oscillating behavior is understood by 
considering the existence/absence of available final states 
during the photoexcitation process. It is also noted that 
each band shows the local maximum/minimum of spec- 
tral weight at different photon energies. This trend, 
possibly caused by the difference in the symmetry of 
wave functions for two bands^, is quite similar to the 
/iz/-dependent matrix-element effect of the bonding and 
antibonding bands in Bi2212)^ demonstrating that the 
outer and inner bands are actually assigned as the bond- 
ing and antibonding bands, respectively. It is noted here 
that previous assignment of a finite dispersion in Y123 
suggested by Schabel et alJ^ would be also influenced by 
this matrix-element effect. This effect should be seriously 
taken into account when we discuss the dispersion and 
the absolute intensity of bands in Y123, as in the case of 
Bi-based HTSCs.3" 

To check whether or not these bands show any signa- 
ture of SC-gap opening, we plot in Fig. 3(c) EDC for 
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FIG. 3: (a) Photon-energy dependence of ARPES spectrum 
at Y(X) point for twinned Y123. ARPES spectra are nor- 
malized by the spectral intensity at 300 meV binding energy, 
(b) Spectral weight of SB and SAB band as a function of 
hv, estimated by fitting the spectra in (a) by two asymmetric 
Lorentzians with a broad background^ multiplied by the FD 
function. The spectral weight of SB and SAB bands is nor- 
malized by the maximum weight at a specific hu (56 eV and 
78 eV for SB and SAB bands, respectively), (c) EDC at 10 
K {hv = 46 eV) measured at various fcp points of the surface 
bands shown in (d). 



various fcp points for both bands as shown in Fig. 3(d). 
It is apparent that there is no observable leading-edge 
shift toward higher binding energy at any points on both 
FSs, showing that these bands are indeed metallic even 
well below bulk Tc, indicating that these bands do not 
reflect the bulk superconductivity. This is understood as 
a consequence of anomalous overdoping of Cu02 planes, 
by considering an experimental fact that the hole con- 
centration estimated from the average of the volume of 
the bonding and antibonding FSs (see Fig. 1(c)) is x 
— 0.29±0.02, which corresponds to the doping level at 
the boundary between the SC and metallic phases.— By 
also taking into account the facts that bulk supercon- 
ducting properties are quite similar between Y123 and 
Bi2212^ and ARPES is relatively surface-sensitive ex- 
perimental technique, it is plausible that the cleaved top- 
most Cu02 bilayer is overdoped. Therefore, we call the 
outer and the inner bands as the surface bonding (SB) 
and the surface antibonding (SAB) band, respectively. 
Hence, previously assigned "surface band" and "hump 
feature" by Lu et al^ turn out to be the bilayer-split 
SAB and SB bands, respectively. The size of bilayer 
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FIG. 4: (a) Band dispersion near Ef of the SB band de- 
termined by fitting the MDC along several cuts shown by 
solid lines in the inset, (b) Imaginary part of the self energy 
|ImE(a;) | obtained by fitting the MDC. For better illustration, 
the energy dispersion and |ImE(tt;)| are shown by adding off- 
sets. Solid lines near Ef in (b) correspond to the zero point of 
each |ImE(Lj)|. Black curves are the result of fitting by using 
|ImE(Lj)| = aco'^+p. 



splitting at Y point is estimated to be 120 meV, compara- 
ble to that observed in Bi2212 (90-110 meV)3iiii^ The 
gapped couple of bands in Fig. 2(c) would correspond to 
the bilayer-split bulk counterpart, so that the right-hand- 
and left-hand-side bands, as indicated by white arrows, 
are assigned as the bulk bonding (BB) and the bulk an- 
tibonding (BAB) bands, respectively. Since we have suc- 
cessfully distinguished the bulk and surface bands, the 
character of these bands can be now evaluated in more 
detail. Especially, the self-energy analysis of SB and SAB 
bands provides a good chance to quantitatively elucidate 
the nature of quasiparticle dynamics of Cu02 plane in a 
heavily-overdopcd limit. 

Figure 4(a) shows the energy band dispersion near Ep 
of the SB band for several representative cuts determined 
by fitting the momentum distribution curves (MDC). We 
used ARPES data at left-half side with respect to FY 
line in Figs. 2(a)-(d), since the surface states dominate 
the ARPES intensity in this momentum region. It is 
noted that the bottom of SAB band is located very close 
to Ep so that the MDC analysis up to higher energy is 
not applicable. As seen in Fig. 4(a), we find a fairly 
straight dispersion of the SB band along all the momen- 
tum cuts around the antinodal region (see inset) with no 
signature of the dispersion kink within the experimen- 
tal accuracy. The absence of kink in Fig. 4(a) is also 
consistent with the plots of |ImI](a-')| in Fig. 4(b) where 
there is no indication of a sudden drop at a characteristic 
energy scale as seen in previous ARPES reports of other 
cuprates.ii^*^!^'^'^ As also seen in Fig. 4(b), |Imi;(cj)| 
does not show the w-linear behavior unlike optimally- 
doped Bi2212 above (ref. 34), but shows a quadratic 
behavior as seen in the transport and previous ARPES 
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FIG. 5: (a) EDO and (b) its intensity plot at 10 K for un- 
twinned Y123 as a function of binding energy and wave vector, 
and (c) the intensity plot at 120 K, measured at a cut shown 
by blue line in inset to (a). Peak position of EDC for surface 
and bulk bands, as well as dip (break) are indicated by red, 
blue, and gray open circles, respectively. Location of FY-line 
is indicated by thin solid lines in (b) and (c). 



measurements of heavily-overdoped cupratesi^i^i These 
experimental results also support the overdoping of crys- 
tal surface in Y123. 

Since the surface states are well characterized, we now 
discuss the properties of bulk bands. Figure 5 shows a 
set of EDC measured at 10 K along a cut around the 
antinodal region shown in the inset, together with the 
intensity plot. To see more clearly the bulk band, we 
slightly changed the polarization direction of the incident 
light with respect to the sample by rotating the sample 
azimuth, since the rotation of sample even by a few de- 
grees was found to enhance significantly the sensitivity 
of the bulk band. As seen in Fig. 5(a), we observe bulk 
peak (open blue circles) in addition to the SB and SAB 
bands, although BB and BAB components are indistin- 
guishable because two peaks are close and may overlap 
in this momentum region. This bulk peak has a bot- 
tom at FY line, and gradually approaches E-p but never 
crosses Ep, indicative of SC-gap opening. As seen in 
Fig. 5(c), the bulk peak disappears above Tc (120 K), 
demonstrating that it is assigned as a Bogoliubov quasi- 
particle peak. Another interesting feature in Fig. 5(a) 
is that a dip or a spectral break emerges at higher en- 
ergy than the SC peak, as indicated by the gray open 
circles. This dip/break originates in a nearly optimally- 
doped bulk component, since it is related to the bulk 
SC peak. The existence of the spectral dip/break sug- 
gests that a strong electron-boson coupling exists in bulk 
Y123 around the optimally-doped region. The similarity 



of spectral line shape between Y123 and Bi2212^* sug- 
gests that the origin of the electron-boson coupling in 
these two types of bilayered cuprates is understood with 
the common framework. The spectral dip in Y123 is ob- 
served at the characteristic energy scale of 50-60 meV, 
slightly lower than the dip and the energy position of the 
kink in Bi2212 (70 meV). The finite difference in their 
energy scales by 10-20 meV may be explained by the 
difference in the size of the SC gap. It is necessary to 
determine the momentum- and temperature-dependence 
of the dispersion kink in detail to elucidate the origin of 
the electron-boson coupling. 

To elucidate the /c-dependence of the SC gap, we at 
first determined the kp position of bulk bands at var- 
ious fcp points, by employing the minimum-gap locus 
methods- The result shown in Fig. 6(a) indicates that 
the fcp points of the BB and BAB bands are well out- 
side the fcp points of SAB band, while they are nearly 
on the SB band at the off-nodal region. This demon- 
strates that the bulk bands are much less doped than 
the surface bands. Next, we plot in Fig. 6(b) EDC for 
untwinned Y123 at 10 K measured at various kp points 
of bulk bands characterized by FS angle (0) defined in 
Fig. 6(a). We do not plot the data around X point to 
avoid complication from the chain band. As seen in Fig. 
6(b), the metallic nature of the surface state is remark- 
ably suppressed. Although there is a small but finite 
surface contribution around Ep, this does not seriously 
affect the determination of the size of bulk SC gap, since 
the bulk SC peak is well identified in wide area of BZ. 
It is apparent from the figure that energy position of the 
bulk SC peak is strongly fc-dependent and gradually be- 
comes small on approaching the nodal direction, indicat- 
ing the d^2_y2-like order parameter. In order to estimate 
the SC gap size (A), we have symmetrized the spectra 
with respect to Ep (ref. 9) as shown in Fig. 6(c) and fit 
each curve by two Lorentzians symmetric with respect to 
Ep. The obtained fc-dependence of A is shown in Fig. 
6(d). Apparently, the gap become small with approach- 
ing (f) = 45°, showing the dj,2_j,2-like nature. '^'^ We have fit 
the gap size as a function of 4> by using the d^2_j^2-wave 
gap function (A(0) = AmaxC0s{2(t))) . A good agreement 
is obtained with the parameter A^ax = 34 meV. This 
value is similar to the SC peak position in the tunneling 
measurement.^^ On the other hand, this value is smaller 
than that estimated by Lu et al. (44 meV)2S because 
they measured the SC gap at Y point but not at the kp 
point. It is noted here that observed energy width of the 
SC quasiparticle peak (■~20 meV) is not resolution lim- 
ited (energy resolution: 12 meV). A similar behavior has 
been reported in Bi2212i^ and explained in terms of the 
existence of spatially inhomogeneous electronic states as 
observed by STM/STS experiments on Bi2212.4i When 
the SC-gap size shows spatial variation, the spectral peak 
is expected to be broadened, since ARPES probes photo- 
electrons emitted from a large area of the sample surface 
(~100 /im). This implies that, even in Y123 which is 
reported to be homogeneous on the scale of coherence 
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FIG. 6: (a) Location of ftp points of the BB and BAB bands 
(solid circles) together with the definition of the FS angle {(j)). 
(b) ARPES spectra at 10 K of untwinned Y123 measured 
at various fcp points of the bulk bands shown in (a), (c) 
Symmetrized ARPES spectra of (b). (d) fc-dependence of the 
superconducting gap (A) as a function of 4>- Dashed line 
represents the best fit using the cij.2_y2-wave gap function. 



length (^100 nm)^^, the inhomogeneity certainly affects 
the electronic states on the wider scale (~100 fim). This 
conclusion is supported by the result of previous NQR 
study*'^ which suggests the existence of charge inhomo- 
geneity in Y123. 

Now we discuss the origin of surface state. We conclude 
that the surface bands are highly overdoped as compared 
to the bulk from the following experimental results; (i) 
there are no gap opening well below bulk (Fig. 3(c)), 
(ii) there is no evidence for the dispersion kink near Ep 
(Fig. 4(a)), (iii) |ImI](ci;)| shows w^-like energy depen- 
dence (Fig. 4(b)) similar to other overdoped cuprates, 
and (iv) the estimated hole concentration is very large 
(x — 0.29). This anomalous overdoping would be char- 
acteristic of the cleaved surface of Y123. It is established 
from previous STM measurements^^i^ that Y123 cleaves 
between the BaO layer and the CuO chain. As a result, 
two scenarios are possible to explain the mechanism of 
surface overdoping. First is a overdoping of the CuO- 
terminated surface, and the second is the overdoping of 
BaO-terminated surface. In Y123, the CuO chain pro- 
vides holes to the Cu02 sheets located at both side of the 
chain in the bulk crystal. In the first case, it is expected 
that the excess holes are provided to the residual Cu02 
sheets, since one side of the Cu02 sheets is completely re- 
moved by the cleaving. The second case is consistent with 
the STM/STS results where the BaO-terminated surface 
shows metallic behavior with no SC-gap opening j^^i^^ al- 
though the microscopic mechanism for the overdoping is 
unclear. By also taking into account the fact that the 
SC gap has been observed only on the CuO-terminated 
surfac o^^'^'^ , the superconductivity may disappear at the 
Cu02 sheets just below BaO layer due to the absence 
of the CuO chain, while the superconductivity may be 
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maintained at the sheets below the CuO chain. In ei- 
ther case, it is suggested that cleavage strongly influ- 
ences the carrier distribution of the crystal surface and 
causes the overdoping of surface Cu02 layers. To eluci- 
date the character of surface electronic states in more de- 
tail, further comprehensive high-resolution ARPES and 
STM/STS studies are necessary. 

IV. CONCLUSION 

We reported high-resolution ARPES results on Y123 
to elucidate the character of low-energy excitations. We 
clarified that the electronic states of Y123 near con- 
sist of five different bands, the CuO chain band, the sur- 
face bonding and antibonding bands, and the bulk bond- 



ing and antibonding bands. We revealed that the sur- 
face bands arc highly overdoped by the cleaving. On the 
other hand, the bulk bands show a clear sensitivity to the 
SC transition and a signature of electron-boson coupling 
with a characteristic energy scale of 50-60 meV. These 
experimental results unambiguously provide a convinc- 
ing explanation on the puzzling and anomalous electronic 
states of Y123. 
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